The diurnal cycle of upper tropospheric humidity (UTH) is known to be influenced by such processes as convection and the formation of clouds which are parameterized in current global climate models. In this study, we evaluate the performance of two climate models, the Community Atmospheric Model version 5 (CAM-5) and the Global Atmosphere 3.0 (GA-3) model in simulating the diurnal cycle of UTH (represented by a combination of sinusoids of 12 and 24 h periods) by comparing with microwave and infrared (IR) measurements (where available). These comparisons were made over two convective land regions in South America and Africa, and over oceanic regions in the Atlantic, Indian and West Pacific for the month of January 2007. We analyzed how the diurnal cycles from IR and microwave instruments differ, and the reason for the differences. Our study suggests that the differences in the diurnal cycles of IR and microwave UTH result from sampling differences due to the presence of clouds. As noted by earlier studies, the models exhibit considerable discrepancies in diurnal amplitude and phase relative to observations, and these discrepancies have different magnitudes over land and ocean.
Introduction
Climate models are the main tools for climate predictions so they need to take into account all relevant physical processes. However, there are processes, e.g., those associated with convection and the formation of clouds, that cannot be resolved at the model grid cell resolution and thus have to be parameterized, introducing potential uncertainties. Thus, to assess their reliability, models have to be validated against observations. Simulations of diurnal variations of different atmospheric variables are one of the important checks of the reliability of a mode [1] .
Solar forcing causes climate variables to have well defined patterns of variation that reoccur every 24 h. The diurnal variation of upper tropospheric humidity (UTH) is closely tied to convection and clouds [2, 3] so a comparison of modelled and observed diurnal variation of UTH can serve to check the fidelity of convective parameterization in the models. Conventional UTH measurements from radiosondes are sparse and their temporal sampling is generally limited to twice daily (00.00 and 12.00 UTC), which limits their use for studying diurnal variations of UTH [4] . Moreover, the reliability of UTH measurements from radiosondes remains questionable [5, 6] . However, a global picture of the UTH distribution and its diurnal variations can ideally be obtained from satellite measurements from the infrared and microwave spectral ranges [7, 8] .
The UTH mean state in climate models on monthly and seasonal time scales has already been validated against satellite observations in other studies. It was found that models exhibit regional moist and dry biases relative to the observations [9] [10] [11] [12] [13] and the biases can sometimes reach 100%. Evaluations of humidity in the climate models participating in Coupled Model Inter-comparison Project phase-5 (CMIP5) by Tian et al. [14] and Jiang et al. [15] show that the model error in simulating humidity is largest in the upper troposphere. There are many studies that validate the simulation of the diurnal cycle of UTH in models using infrared satellite observations [16] [17] [18] , and these are mostly data from geostationary platforms having full diurnal coverage. However, there are relatively few studies that evaluate model UTH diurnal cycles using microwave satellite observations. The upper tropospheric humidity dataset generated from microwave limb sounder measurements was used by Eriksson et al. [19] to evaluate UTH in climate models. A recent study by Chung et al. [20] used UTH from microwave measurements to evaluate diurnal cycle in reanalysis data. Using six months of observations from Superconducting Submillimeter-Wave Limb-Emission sounder (SMILES), Eriksson et al. [21] have studied the diurnal variation of upper tropospheric humidity.
In this study, we evaluate the simulation of UTH in the Community Atmospheric Model 5 (CAM-5) and the Met Office Hadley Centre GA-3 climate model using diurnal cycles constructed from microwave and infrared (IR) satellite measurements. The microwave measurements are less affected by the presence of clouds than infrared measurements. The validation of the diurnal cycle is performed over selected land and oceanic regions in the tropics for the month of January, 2007. The diurnal cycles of UTH from IR have been generated from METEOSAT satellite observations and those of microwave observations have been generated by combining data from four different polar orbiting satellites. Besides validating the climate models' diurnal cycles, this study investigates how the diurnal cycles from IR and microwave data differ from each other and the possible reasons for the differences. Our comparison between the diurnal cycles generated from microwave and IR measurements helps to understand how the sampling differences due to clouds affect the UTH diurnal cycle.
Section 2 provides the details of the satellite data and the climate models used in this study, Section 3 covers the methodology, and Section 4 presents the results and discussion. Section 5 presents the conclusions.
Satellite Data and Models

Satellite Data
The microwave data used in this study are from the Advanced Microwave Sounding Unit-B (AMSU-B) [22] onboard National Oceanic and Atmospheric Administration (NOAA) satellites 16 and 17 and the Microwave Humidity Sounder (MHS) [23] onboard NOAA-18 and MetOpA for the year 2007. The two instruments are very similar. They have a cross track scanning with horizontal resolution of 20 × 16 km 2 at nadir and 64 × 27 km 2 at the edge of the scan. Both have three tropospheric humidity sounding channels with a central frequency of 183.31 GHz. The passbands of these channels are centered at 183.31 ± 1.00, 183.31 ± 3.00, and 183.31 ± 7.00 GHz (only 183.31 + 7.00 GHz for MHS). These channels sense the humidity variations in the upper, middle and lower troposphere, respectively. We will henceforth refer to these as channel 1, channel 2 and channel 3, respectively. In this study, we have used measurements from channels 1 and 3. Channel 3 is used for excluding the microwave UTH measurements contaminated by thick ice clouds; however, channel 2 can also be used.
The year 2007 has been chosen to maximize the availability of different satellite measurements in our analysis. NOAA-15 satellite measurements cannot be used in our study because of the large scan asymmetry affecting its channels [24] . A combination of these four satellites can only be used for the year 2007. Using the data prior to 2007 will exclude MetOpA from our analysis since the satellite launch was in October 2006. However, beyond 2007, NOAA-16 cannot be used because the measurements are not very reliable [24] due to high noise.
The NOAA and MetOpA satellites also have the 20 channel High Resolution Infrared Radiometer Sounder (HIRS) that provides simultaneous measurements of the atmospheric humidity and temperature distribution along with the microwave measurements. The scanning pattern and the spectral characteristics of these sensors can be found in http://www.ncdc.noaa.gov/oa/pod-guide/ ncdc/docs/klm/index.htm. In this paper, we have used two HIRS channels which monitor UTH (channel 12; Tb12 (6.5 µm)) and surface temperature (channel 8; Tb8 (11.1 µm )). These measurements are used only for subsampling the microwave data and not for deducing the UTH diurnal cycle.
We have also used the Free Tropospheric Humidity (FTH) dataset constructed from METEOSAT satellite observations by the climate monitoring satellite application facility (CMSAF) of European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) (http://dx.doi.org/10. 5676/EUM_SAF_CM/FTH_METEOSAT/V001). These data are available from 1983 to 2009, with a horizontal resolution of 0.625 • × 0.625 • and a temporal resolution of 3 h. METEOSAT satellites are in geosynchronous orbits and the FTH is retrieved from the 6.3 µm channel on-board these satellites [25] .
Climate Models
The simulation of the UTH diurnal cycle has been evaluated for two climate models for the month of January, 2007. The first is the National Center for Atmospheric Research (NCAR) Community Atmospheric Model version 5 (CAM-5). The model output was available at a horizontal resolution of 1.9 • × 2.5 • on 30 levels. Version 5 of CAM has several updated physics components with respect to cloud and convection and details can be found in Gettelman et al. [26, 27] and Neale et al. [28] .
The second climate model used in this study is the Global Atmosphere 3.0 (GA-3): a configuration of the Met Office Unified Model (MetUM) developed for use across climate research and weather prediction activities. A detailed description of the GA-3 configuration is given in Walters et al. [29] . The model outputs are on a 1.875 • × 1.25 • longitude-latitude grid and on 85 levels.
Both model simulations use the same sea surface temperatures, sea ice fractions, CO 2 concentrations and other external forcings as the Atmospheric Model Intercomparison Project (AMIP) framework of the CMIP5 [30] . Running the models with realistic forcings and boundary conditions significantly reduces systematic errors and makes the comparisons with observations as realistic as possible. For both models, outputs were stored every 3 h, which was essential for constructing diurnal cycle as shown in MacKenzie et al. [17] . This temporal resolution is higher than the temporal resolution available in the AR5 archive.
Methodology
UTH from microwave measurements can be defined as the mean relative humidity (RH) with respect to water for the altitude range of 200-500 hPa. The diurnal cycles of UTH from observations and models are in each case approximated using a second order Fourier series given as,
where t is the observational local time in hours, a 0 is the mean value of UTH, a 1 is the amplitude of the 24 h oscillation, a 2 is the amplitude of the 12 h oscillation and t 1 and t 2 are the respective phases of the oscillations. The 24 and 12 h oscillations are commonly referred to as the diurnal and semidiurnal components. The diurnal amplitudes and phases are determined as described in Kottayil et al. [31] . The diurnal variation of UTH from models and observations was evaluated for the regions marked within black bordered boxes in Figure 1 . The infrared based humidity data from METEOSAT were available only for the Atlantic (A-2) and African (A-3) regions, so the other regions use only microwave data. The red bordered region is a calibration region with minimal diurnal variation. Geographical locations of the regions marked in Figure 1 are summarized in Table 1 . The black rectangles are the regions chosen for looking at the diurnal cycle of UTH from models and observations. The red bordered rectangle is the region selected for calibrating the satellite measurements from microwave data. Table 1 . Geographical locations of the marked regions in Figure 1 .
Region Location
South America (A-1)
Diurnal Cycle from Microwave Measurements
The channel 1 measurements from AMSU-B and MHS sensors, which monitor UTH variations, were filtered for any impact of cloud as described in Buehler et al. [32] . This cloud filter is based on the difference between channel 3 and channel 1 brightness temperatures and a threshold channel 1 value based on the viewing angle of the satellite, which is provided in Buehler et al. [32] . The cloud filtered channel 1 brightness temperatures were converted into UTH by the method described in Buehler and John [33] using the equation,
The coefficients a and b were determined using linear regression separately for each viewing angle of the satellite and are given in Buehler and John [33] . The mean value of a in Equation (2) is -0.0735. It was shown in John et al. [34] that using coefficients for each viewing angle was sufficient to avoid the need for limb correction of the brightness temperatures. The daily UTH obtained from each of the satellites for the month of January 2007 was gridded onto a 2.5 • × 2.5 • grid separately for the ascending and descending orbits. The gridded measurements from all the polar orbiting satellites were combined to create the diurnal cycle of UTH from microwave measurements for the month of January. For brevity, we will refer to the diurnal cycle deduced from microwave measurements as microwave diurnal cycle (MDC).
Prior to the construction of the diurnal cycles, inter-satellite biases in UTH were determined from one of the subsidence regions lying in the southeast Pacific (C-1) which is shown by the red bordered box in Figure 1 . The UTH biases were determined by taking the MetOpA satellite as the reference. The inter-satellite bias of a particular satellite with respect to MetOpA is calculated as the difference between the monthly mean of the combined ascending and descending UTH values of MetOpA and that of the particular polar orbiting satellite. The absolute value of the inter-satellite biases determined for NOAA-16, 17, 18 are 0.71% RH , 0.35% RH and 0.43% RH, respectively. The region surrounding the southeast Pacific was also used by Lindfors et al. [35] for determining the inter-satellite biases in HIRS measurements.
The subsidence region chosen for determining the inter-satellite bias is based on the assumption that the diurnal amplitudes of this region are smaller in comparison to other regions. To validate this assumption, we deduced the diurnal amplitudes of UTH from a subsidence region over the southeast Atlantic (20 • W-20 • E; 15 • S-30 • S) from IR data. The amplitudes a 1 and a 2 are 0.06% RH and 0.11% RH respectively. However, combining the ascending and descending orbits to deduce the inter-satellite biases can almost completely eliminate the 24 h amplitude (a 1 ) of the diurnal cycle with a very small remnant diurnal amplitude (a 2 ) [36] .
To study the effect of clouds on IR data, an IR like diurnal cycle of UTH from microwave observations was constructed following the approach described in John et al. [37] . Following this approach, those microwave measurements are excluded whose corresponding collocated IR measurements are cloudy. The collocations were performed using the method described in Holl et al. [38] . The IR measurements collocated with microwave are treated as cloudy if the differences between Tb12 and Tb8 are less than 25 K [2] . The microwave observations sampled in this way were converted into UTH (Section 3.1) values which were then used to construct the diurnal cycle so as to mimic the clear sky only sampling of IR. This IR sampled diurnal cycle of microwave will be referred to as MDC IR . The advantage of sub-sampling microwave data to mimic IR sampling is that it prevents errors that could arise from differences, for example, in vertical sampling of the instruments as described in John et al. [37] .
Diurnal Cycle from IR Measurements
The FTH is retrieved from the METEOSAT 6.3 µm (water vapor) channel measurements using the following relationship [39] :
where p 0 is a normalizing parameter equal to the ratio of the pressure of the 240 K isotherm to 300 hPa, RH is the average relative humidity with respect to water between 300-600 hPa where the satellite measurements are sensitive, θ is the satellite viewing angle and T b is the 6.3 µm brightness temperature. The coefficients a and b are the linear fitting coefficients. We have generated the diurnal cycle of FTH for January, 2007. The diurnal cycle from IR FTH data will be referred to as IRDC. In the paper, the terms FTH and UTH are used interchangeably where the former is represented as an equivalent of UTH from the IR measurements. The cloud clearance in METEOSAT is based on the cloudy information from the International Satellite Cloud Climatology Project (ISCCP) data. The cloud clearance for day measurements of METEOSAT uses the cloud top pressure and the visible cloud reflectance albedo information from the ISCCP data while, for the night time cloud clearance, the cloud top pressure information alone is used [25] .
Diurnal Cycle from Models
The microwave channel 1 brightness temperatures from models were simulated for the MetOpA satellite using the RTTOV V9.3 radiative transfer code, a component of the Cloud Feedback Model Inter-comparison Project (CFMIP) Observation Simulator Package (COSP) [40] . The brightness temperatures were simulated every 3 h for each model grid box with inputs of temperature and water vapor profiles and surface parameters from the model and an external input of ozone from the TOMS Ozone climatology provided for every 10 • latitude band separately for each month (http://toms.gsfc.nasa.gov/version8/v8tomsatbd.pdf). All the simulations were performed for the nadir viewing geometry. The brightness temperatures were converted into UTH using Equation (2) by applying the regression coefficients for nadir. The diurnal cycles of UTH from the models were then approximated using a second order Fourier series as in Equation (1).
Results and Discussion
Here, we present the evaluation of the diurnal cycle of UTH in climate models using satellite observations. The results are evaluated in terms of diurnal UTH range (DUR) from maximum to minimum and of the local times of maximum (LTMAX) and minimum (LTMIN) of UTH. We also analyze how the diurnal cycles generated from IR observations differ from those of microwave observations and suggest a plausible reason.
Differences between IR and Microwave Diurnal Cycle
We expect some systematic differences in the diurnal cycle from microwave and IR measurements because they are influenced differently by clouds. Notably, the stronger susceptibility of IR data to clouds relative to microwave data is expected to lead to a phase difference in the diurnal cycle. For the model data, the same effect can be taken into account to some extent by applying a cloud fraction filter. Figure 2a ,b compare MDC and MDC IR for the region A-3. A lag of 1.65 h in the diurnal minimum of MDC IR with respect to MDC is seen, and an even larger lag of 3.5 h in the true IR diurnal cycle relative to microwave (Figure 2b ). Does this lag stem exclusively from the sampling differences due to the presence of clouds? The microwave measurements used in constructing the diurnal cycle have a coarser temporal resolution compared to the IR measurements. The question may arise whether the coarser temporal resolution of microwave measurements is the reason for the shift in the diurnal minimum in the IR data relative to the microwave and this needs to be looked into. To check this, we constructed microwave like diurnal cycles of UTH from IR data. The diurnal cycles were constructed by sampling the IR data randomly, and matching the local observation times and the number of data points of microwave UTH measurements. Two hundred such diurnal cycles were constructed for the region A-3. The mean value and the one σ uncertainty of the diurnal maximum and minimum from these diurnal cycles are determined to be 1.8 ± 1.76 local time (LT) and 18.38 ± 1.89 LT, respectively. The corresponding diurnal maximum and minimum for the IRDC over A-3 is 3.90 LT and 18.90 LT, respectively (red dotted lines in Figure 2b) . Thus, the diurnal minimum value of the METEOSAT IR data lies within the uncertainty limits of the microwave sampled diurnal cycle. Since the phase shift between IR and microwave data is apparent in the diurnal minimum, this result points out that the temporal resolution of the microwave data is not a factor in determining the phase shift. This result also shows that the temporal resolution and the number of data points used in the microwave measurements can adequately represent the diurnal variations of UTH.
It has been shown in Sohn et al. [41] that the weighting functions of METEOSAT IR and the microwave UTH measurements lie in a similar altitude range and therefore this should not have caused the phase difference between the IR and the microwave diurnal cycles. They looked at the Special Sensor Microwave Water Vapor Profiler, SSM/T-2 where the upper tropospheric humidity channel is the same as of AMSU-B and MHS. Another factor which needed to be looked into for any impact on inferred diurnal cycle is the data spatial resolution used in the study since the microwave data has a spatial resolution of 2.5 • × 2.5 • and IR data has a resolution of 0.625 • × 0.625 • . The IR UTH data were re-sampled onto a 2.5 • × 2.5 • grid and the diurnal cycle created was compared with the IR data with the original available resolution of 0.625 • × 0.625 • . We find that the diurnal minimum of the resampled IR data leads the diurnal minimum of the IR data with 0.625 • × 0.625 • resolution by 0.5 h. This result indicates that a small part of the observed phase shift shown in the IR data relative to microwave originates from spatial resolution differences. In this respect, another reason could be the difference in the footprint sizes of the IR and the microwave measurements, but we have not investigated this in detail because the IR UTH data are available as gridded dataset. It can be summed up from the above discussion that the sampling differences due to the presence of clouds are likely to be causing the phase shift in the IR data relative to microwave. The relatively higher lag shown by IRDC than the MDC IR could be due to the differences in the cloud clearance adopted in these datasets.
The phase shift in the diurnal minimum value in MDC IR relative to MDC is also seen for the other regions considered in this study. The time corresponding to the diurnal minimum of UTH has been inferred from the diurnal fits for both MDC IR and MDC and the difference between these times is defined as the phase shift. We have quantified the phase shifts over all the regions considered in the study and the results are tabulated in Table 2 . Over South America (A-1), the lag is around 1.2 h, over the Atlantic (A-2) it is 1.15 h and over the Indian Ocean (A-4) and the West Pacific (A-5), this is around 0.1 h. Table 2 . Upper tropospheric humidity diurnal cycle lag due to cloudiness. Column 2: Measured lag in the diurnal phase in infrared sampled diurnal cycle (MDC IR ) relative to microwave diurnal cycle (MDC) for different study regions. Column 3: Corresponding cloud fraction threshold required to show the same lag in CAM-5 model. The values within parentheses show the lag in the infrared diurnal cycle (IRDC) relative to MDC. We used all the simulated data from the models for the construction of diurnal cycle of UTH in order to compare with microwave measurements. This is because the microwave UTH measurements are affected only by thick clouds, so the cloud filtering method as described in Section 3.1 excludes only a small percentage (5%) of the data [37] . However, differences in the diurnal cycle amplitude and phase constructed using microwave data filtered for thick clouds and without any filtering are very small. For example, over tropical land, the relative differences in amplitudes a 1 and a 2 calculated from Equation (1) is only 3% without any significant differences in the phase.
Region Measured lag (h) Model cf Threshold
The model data comparison with IR UTH measurements is usually done by filtering the data based on modelled upper tropospheric cloud fraction [10, 11] to ensure a more or less similar comparison with IR. Therefore, the behavior of the diurnal cycle from the models filtered for different threshold values of cloud fraction is worth investigating. This will also give an insight into the optimum value of the cloud fraction threshold for comparing the diurnal cycle of UTH from models with IR observations.
In the CAM-5 model, the cloud fraction at each model layer is defined based on Neale et al. [28] as part of the cloud macrophysical package. It is a relative humidity based threshold value, which is consistent with the stratiform cloud condensate. We averaged the cloud fractions between 200 and 500 hPa layer to get a representative value for the model's upper troposphere. We constructed the diurnal cycle of UTH from the CAM-5 model by filtering the data for three different values of average upper tropospheric cloud fraction. These threshold values are 0.4, 0.6 and 0.8, and the model data exceeding these thresholds are excluded from the construction of the diurnal cycle. These results are shown in Figure 2c . The diurnal cycle generated without any filtering is also shown. As the figure shows, the diurnal cycle in UTH filtered for cloud fraction 0.8 shows a shift in the diurnal phase of UTH with respect to the unfiltered diurnal cycle by almost the same magnitude as shown by MDC IR . On the other hand, the diurnal cycle generated with a cloud fraction of 0.4, a typical threshold value used in model and IR UTH comparisons, shows a lag of more than 4 h in the LTMAX and LTMIN with respect to the diurnal cycle created without any filtering.
We have also calculated the cloud fraction thresholds over the other study regions so that they can be used as indicative values for model and IR data comparisons. The results are presented in Table 2 . These modeled cloud fraction values vary from region to region, ranging from 0.52 in A-2 to 0.98 in A-4. This suggests that choosing a right threshold for the upper tropospheric cloud fraction is important to ensure meaningful comparisons. A caveat here is that these values can vary from model to model.
Diurnal Cycle in Models and Observations
To compare with microwave observations, the diurnal cycle from model data was generated without any cloud fraction threshold filtering. The diurnal cycles of UTH from models and observations over the land regions in South America (A-1) and Africa (A-3) in January 2007 are shown in Figure 3 . These are the convective regions occurring over land during the month of January. Over South America (A-1), the DUR from microwave observation is 4.5% RH while the models show significant differences. Compared to the observation, the GA-3 model overestimates the DUR with 7.5% RH whilst the CAM-5 model underestimates the DUR with 2% RH. The LTMAX and LTMIN in the MDC are approximately 2 LT and 14 LT, respectively. The models exhibit different local times for LTMAX and LTMIN. The LTMAX in the CAM-5 model lags by 3.00 h and the LTMIN lags by 5.00 h with respect to the MDC with respective local times of nearly 5 LT and 19 LT. On the other hand, the LTMAX of the GA-3 model leads the MDC by 6.00 h and the LTMIN of the GA-3 leads by 5.00 h.
Over Africa (A-3), the DUR of microwave observation is 3.5% RH. The LTMAX in microwave occurs at the same local times as in region A-1 but the LTMIN occurs at around 16 LT. The magnitude of DUR in models is almost the same as region A-1. The LTMAX and LTMIN in the GA-3 model occurs at 22 LT and 10 LT while in the CAM-5 model, the LTMAX and LTMIN are at 5 and 18 LT. The IRDC shows a lag of approximately 3.5 h in the LTMIN relative to the microwave observations which could be due to the sampling differences as described in Section 4.1. Figure 4 shows the diurnal cycle of UTH from the models and observations for the selected convective oceanic regions. The MDC DUR is approximately 2% RH over all the oceanic regions. The MDC LTMAX is nearly 2 LT except over the region A-5 where it is nearly at 22 LT. The MDC LTMIN is at the same local time (14 LT) over all the oceanic regions. The diurnal phase and amplitude of IR and microwave data are comparable for the Atlantic region. The CAM-5 model shows a DUR of 1.5% RH in the Atlantic (A-2) and the Indian ocean (A-4) and 2% RH over the West Pacific (A-5). The CAM-5 model UTH lags the microwave observations. The LTMAX in the CAM-5 model in A-2, A-4 and A-5 occurs at 5 LT, 4 LT and 7 LT , whereas the corresponding LTMIN occurs around 18 LT in all these regions. It is to be noted that the diurnal cycle of UTH shown for CAM-5 model is in agreement with the simulation from CAM-3 model as shown by [19] .
The GA-3 model shows 0.8% RH for DUR in A-2 and A-4 and a slightly higher value of 1.2% RH in A-5. The LTMAX in GA-3 occurs nearly at 2 LT for all the regions which is in agreement with the MDC in regions A-2 and A-4. The LTMIN in GA-3 occurs at 17 LT, 10 LT and 11 LT in A-2, A-4 and A-5 respectively. The results from models and observation are summarized in Table 3 .
The diurnal cycle of UTH in observations shown for convective land and oceanic regions are in good agreement in terms of the diurnal maximum and minimum values, with much stronger diurnal amplitudes over land regions in comparison to oceanic regions [19, 42] . Chung et al. [42] used METEOSAT-8 measurements over A-2 and A-3 to analyze the diurnal cycles of upper and mid-tropospheric humidity in conjunction with the diurnal cycles of clouds and precipitation. Figures 3 and 4 show that the DUR, LTMAX and LTMIN in models differ from that of the microwave observations. According to the observational studies so far, the diurnal cycle of UTH is regulated by the diurnal cycle of cirrus anvil cloud which follows after deep convective events [2] . It is shown in Soden [3] that the formation and the dissipation of cirrus anvil cloud regulates the moistening of the upper troposphere. Hence, in the models, the diurnal cycle of deep convective clouds along with UTH should be analyzed to gain a first hand understanding of the differences from the observations (e.g., Zhang et al. [18] ). We analyzed as to how the diurnal cycles of deep convection and UTH are related in the observations and climate models. For the representation of the diurnal cycle of deep convection in the observation, we use the ISCCP data available at 3 h temporal resolution for January [43] . The percentage of occurrence of deep convective clouds from ISCCP has been used to construct the diurnal cycle of convection. This data is available from http://mwac.its.monash.edu/mwac/pub/ listPubCollections.jspx. For the models, we use the diurnal cycle of Ice Water Path (IWP) to represent the diurnal cycle of convection. The CAM-5 model includes only the ice cloud data for the calculation of IWP whereas the GA-3 model run takes both ice cloud and precipitating ice/snow for the computation of IWP.Therefore, the model biases in IWP could be larger in CAM-5 as compared to GA-3.
The diurnal cycle of deep convection and UTH in models and observations over tropical (25 • S-25 • N) land region is shown in Figure 5 . The diurnal peak of deep convection in observations occurs nearly at 18 LT and UTH peak time lags the deep convection almost by 8 h. This result is in agreement with Chung et al. [42] and Eriksson et al. [19] . The late afternoon peak time for the upper tropospheric IWP from SMILES observations has been shown in Millan et al. [44] . The diurnal cycle of IWP retrieved from SMILES has also been used by Jiang et al. [45] to evaluate the climate model simulations. The GA-3 model shows nearly the same peak time for IWP and UTH which is around 19 LT. This contradicts the observed lag of 8.00 h in the UTH maximum relative to the deep convection maximum in the observations. However, in CAM-5, the lag in UTH relative to IWP is close to 9 h which is nearly in agreement with the observations though the peak time of both UTH and deep convection differs from the observations by around 3 h. These results show that, most likely, the parameterization of cloud and convective processes in the models may not be good enough to resolve the evolution of humidity in the model grid cell following the convective events. It has also been shown that large-scale advection [46] can play a role in the distribution of UTH, but there are no studies as to how it modulates the diurnal cycle of UTH. In addition to understanding the role of convection and large scale circulation in regulating the upper tropospheric humidity, other factors affecting UTH for example aerosols, should also be investigated [47] . The vertical resolution of an instrument is also an important factor for accurate monitoring of diurnal variation of tropospheric humidity and clouds [48, 49] .
Conclusions
We have evaluated the diurnal cycle of UTH in two climate models, CAM-5 and GA-3, using satellite microwave and IR observations. The diurnal cycle in the models has been evaluated for some of the convective tropical regions over land and ocean for the month of January 2007. The models show considerable differences in the diurnal amplitude and phase of the UTH with respect to the microwave observations over both land and oceanic regions. Over land, the GA-3 model shows larger diurnal amplitude than the microwave observations, whereas the CAM-5 model shows lower amplitude. Over the oceanic regions, GA-3 shows smaller amplitudes than the microwave observations, whereas the CAM-5 model amplitudes are comparable to the observations. The diurnal maximum and minimum are also in disagreement with the observations. The differences are larger over land with a maximum difference of 6 h in diurnal maximum in GA-3 and a maximum difference of around 5 h in diurnal minimum in CAM-5.
The comparisons between the models and microwave observations over land show that the CAM-5 model is in better agreement with the microwave observation in terms of the diurnal amplitude and the diurnal maximum than the GA-3 model. Over ocean, the diurnal maximum in the GA-3 model is in close agreement with the observations but the diurnal amplitude in CAM-5 model shows a better agreement with the observations as compared to the GA-3 model.
Another important aspect that we investigate in the paper is the cause of the difference in the diurnal cycles of IR and microwave observations. We have demonstrated that the cloud-driven differential sampling between IR and microwave can indeed shift the phase by 0.1 to 1.65 h in the IR diurnal cycle. In addition, based on CAM model simulations, we have shown that the cloud fraction criterion for IR samplings to be used in the CAM model can range between 0.52 to nearly one, depending upon the regions in consideration. A cloud fraction threshold lying within the range of 0.3-0.4, typically used in model-IR data comparisons might introduce significant phase lag in the UTH diurnal cycle.
This study highlights the limitations of models in simulating a correct diurnal cycle of UTH. The comparison with observations could also assist in developing parameterization schemes which will regulate the evolution of humidity in models until full resolution of convection becomes the norm.
